We have previously demonstrated that urocortin protects cultured cardiac myocytes from ischaemic and reoxygenation injury and decreases the infarct size in the rat heart exposed to regional ischaemia and reperfusion. Urocortin-mediated cardioprotection is via activation of the mitogen-activated protein kinase (MAP kinase, MEK1/2) pathway. In addition, it is well documented that heat shock protein (hsp) 70 and hsp90 are cardioprotective against lethal stress. In this study we show, for the first time, that urocortin induces the expression of hsp90 but not hsp70 in primary cultures of rat neonatal cardiac myocytes. Levels of hsp90 protein increase by 1·5-fold over untreated cells within 10 min of urocortin treatment and are sustained for 24 h with a maximal increase of 2·5-fold at 60 min (P<0·05 at all time points). The increase in hsp90 expression by urocortin was not inhibited by actinomycin D, and urocortin failed to increase hsp90 promoter activity. Urocortin induction of hsp90 was inhibited by the MEK1/2 inhibitor PD98059 (P<0·001) and by cycloheximide, and both inhibitors abrogate urocortin-mediated cardioprotection (P<0·05 for cycloheximide, P<0·001 for PD98059). Hence, MEK1/2 and protein synthesis are involved in the cardioprotective effect of urocortin against hypoxic-mediated cell death, possibly due to an increase in expression of hsp90 protein. This is the first report of heat shock protein induction by urocortin or any other member of the corticotrophin-releasing hormone family.
Introduction
Urocortin (UCN) is a 40 amino acid peptide that belongs to the corticotrophin-releasing factor (CRF) family of peptides which mediate the action of the hypothalamicpituitary-adrenal axis in response to stress (Vale et al. 1981) . Both UCN mRNA and protein are expressed in the rat heart (Okosi et al. 1998 , Brar et al. 1999a ) and the UCN selective receptor CRF-R2 is specifically expressed in rat heart and skeletal muscle (Vaughan et al. 1995) . UCN is a potent cardioprotective agent against simulated hypoxic/ischaemic injury both ex vivo and in vitro, with the cardioprotective effect mediated by the mitogen-activated protein (MAP) kinase (MEK1/2) signalling pathway . This protective effect can be observed using a variety of assays for cell death/apoptosis, including trypan blue exclusion, lactate dehydrogenase release (Brar et al. 1999a) , TUNEL staining and annexin-V surface staining . Studies in our laboratory have shown that cardiotrophin-1 (CT-1), a member of the interleukin-6 family of cytokines, is cardioprotective against hypoxic/ischaemic stress . CT-1 also mediates its cardioprotective effect by activating the MEK1/2 pathway and increases the synthesis of heat shock protein (hsp) 70 and hsp90 , Brar et al. 2001 .
Heat shock proteins increase in synthesis in response to stress and help to maintain cellular homeostasis by promoting the correct folding of proteins, hence acting as molecular chaperones, repairing denatured proteins or promoting their degradation (Benjamin & McMillan 1998) . In the heart, a major physiological stress is hypoxia/ ischaemia and both hsp27 (hsp 27/25) and hsp70 have been implicated as cardioprotective agents against hypoxic stress (Brar et al. 1999b ). Hsp70 expression induced by thermal or ischaemic preconditioning reduces infarct size in animal models (Marber et al. 1993 , Plumier et al. 1995 . Over-expression of hsp70 confers a cytoprotective effect on cultured cells, including cardiac myocytes subjected to simulated ischaemia (Mestril et al. 1994 , Martin et al. 1997 . Specifically, the over-expression of hsp70 in transgenic mice improves myocardial function (Radford et al. 1996) and metabolic recovery (Plumier et al. 1995) and reduces infarct size following ischaemia reperfusion (Hutter et al. 1996) . The hsp90 family of heat shock proteins makes up 1-2% of total soluble cytoplasmic protein and exists in two forms: hsp90 and hsp90 . Hsp90 forms a complex with hsp70 and hsp56 and the steroid receptors (Denis & Gustafsson 1989) . Overexpression of hsp90 has been shown to protect cardiac cells from lethal heat stress only and not from hypoxic injury (Heads et al. 1995) , although hsp90 protein expression has been shown to increase in ischaemic myocardium (Heads et al. 1995 , Cumming et al. 1996 .
The rapid induction of heat shock proteins occurs through mechanisms of preferential transcriptional activation and translation (Nakai et al. 1995) . Heat shock factors (HSFs) are transcription factors that bind to the heat shock response element (HSE) found in the promoters of heat shock genes. Multiple forms of HSFs have been identified in mice and humans, although it is HSF1 that is hyperphosphorylated in a ras-dependent manner by members of the MAP kinase subfamilies (extracellular receptor kinase 1/2 (ERK1/2)), stress activated protein kinase (SAPKs, JNKs) and p38 protein kinase in response to physiological stresses including hypoxia (Kim et al. 1997) .
Under non-stressed conditions, both DNA binding activity and transcriptional activity of vertebrate HSF1 are under tight negative control, possibly by binding to hsp70, hsp90 or unknown inhibitory factors which result in stress-inducible activation and rapid deactivation of HSF1 (Xiao & Lis 1988) . Physiological stresses, such as heat and ischaemia, induce HSF1 monomers to oligomerise as homotrimers, which then bind to the HSE motif in the promoters of all stress inducible genes (Metz et al. 1996) . Hence, activation of HSF1 does not require new protein synthesis. Heat shock proteins are also expressed in unstressed cells and their levels are regulated in response to a wide variety of biological processes such as T-lymphocyte activation (Teshima et al. 1996) . In general, however, the stimuli that induce hsp gene expression under non-stressed conditions have been poorly characterised and the mechanisms by which they interact with the stress response are unclear. Strategies that increase the rate of physiological recovery after myocardial infarction are of therapeutic importance as methods such as whole body hyperthermia are impractical and cumbersome. Hence, pharmacological methods that increase stress protein expression have potential merit in protecting against ischaemic damage to the heart.
We have previously shown that UCN protects cardiac myocytes from hypoxic injury by activating the MEK1/2 signalling pathway . In addition, CT-1 has been shown to be both cardioprotective by activating the MEK1/2 signalling pathway and to induce hsp70 and hsp90 protein expression . We therefore investigated whether UCN mediates its cardioprotective effect by increasing the expression of cytoprotective hsps and if UCN-mediated cardioprotection requires protein synthesis in general. Following findings that the MEK1/2 inhibitor, PD98059, inhibits UCNmediated cardioprotection, we investigated whether PD98059 had any effect on hsp induction by UCN and whether the UCN increase in hsps was a transcriptional or a post-transcriptional regulated event.
Materials and Methods

Antibodies and reagents
Culture media (Dulbecco's modified Eagle's medium; DMEM), penicillin/streptomycin, versene, -glutamine, pancreatin, trypsin-EDTA solution, and fetal calf serum (FCS) were purchased from GIBCO BRL (Uxbridge, Middlesex, UK). Collagenase type 2 was obtained from Worthington Biochem (Reading, UK). Sterile tissue culture apparatus was obtained from Falcon Marathon Lab Supplies (London, UK). Enhanced chemiluminescence (ECL) kit was obtained from Amersham, Pharmacia Biotech UK Ltd (Amersham Place, Little Chalfont, Bucks, UK). 5% CO 2 , 0% O 2 , balance gas N 2 was obtained from BOC Gases (BOC Ltd Speciality Gases, London, UK). Hybond C nitrocellulose membrane was obtained from Amersham, Pharmacia Biotech UK Ltd. All other chemicals and reagents were obtained from Sigma (Poole, Dorset, UK), unless otherwise stated.
A mouse monoclonal antibody (AC88) which specifically reacts with hsp90 was kindly provided by Dr D O Toft, Department of Biochemistry and Molecular Biology, Mayo Graduate School, Rochester, MN, USA and has been used previously (Redmond et al. 1989) . This antibody detects both hsp90 and hsp90 . Anti-hsp72 (inducible form) was obtained from Stressgen (Victoria, BC, Canada) (SPA-810).
The antibody to actin (1-19):Sc-1616 is a goat polyclonal antibody that is raised to an epitope mapping at the carboxyl terminus of actin of human origin and is reactive with a broad range of actin isoforms from mouse, rat and human (Insight Biotechnology, London, UK). An antibody directed to phosphorylated ERK1/2, p42/44 MAP kinases and an antibody directed to ERK2 (detects both ERK1/2, p42/44, unphosphorylated and phosphorylated kinases) were obtained from Promega (Madison, WI, USA). Secondary antibodies, horse radish peroxidaseconjugated anti-mouse and anti-rabbit IgG and antigoat IgG were obtained from DAKO A/s, Copenhagen, Denmark. For Western blot analysis all primary antibodies were used at a dilution of 1/1000. Secondary antibodies were used at a dilution of 1/2000.
Preparation of neonatal rat cardiac myocyte cultures
Ventricular myocytes were isolated from the hearts of neonatal rats (Sprague Dawley) less than 2 days old, and were cultured as described previously (Simpson & Savion 1982) . Cells were plated on 24-well, 1-cm diameter plates for experiments involving assessment of cell death, and 6-well, 3-cm diameter plates for experiments of transfection and Western blot analysis. After 24 h from plating, the cell media were replenished with the above media containing reduced FCS at 1% (v/v) for an additional 24 h before experimentation (hereafter referred to as growth medium). Within 2 days of preparation, a confluent monolayer of spontaneously beating myocytes was formed.
Treatment of cells
Recombinant rat UCN peptide (Sigma) was used at a concentration of 10 8 M unless otherwise stated. The MEK1/2 inhibitor (PD98059, PD) was purchased from New England Biolabs, Inc., Beverly, MA, USA and has been shown to act as a highly selective inhibitor of MEK1/2 activation and the ERK1/2, p42/44 MAP kinase cascade (Dudley et al. 1995) . PD was used at a concentration of 50 µM and was added for 30 min prior to the treatment with UCN, as stated by New England Biolabs, to inhibit MEK1/2 activity. Pre-treatment of cardiac myocytes with PD98059 failed to affect the p38 or the JNK pathway by Western blot analysis using phosphospecific antibodies (New England Biolabs). The RNA synthesis inhibitor, actinomycin D (ACT) was added to cells 30 min prior to UCN treatment and used at a concentration of 5 µg/ml. Cycloheximide (CYC), an inhibitor of protein synthesis, was used at a concentration of 1 µg/ml (Sigma) and added before treatment with UCN.
Induction of hsp90 protein expression by UCN
Cardiac myocytes were cultured in serum-free media for 24 h at 37 C in a humidified atmosphere of 5% CO 2 , 21% O 2 (normoxic environment) and treated with UCN for 10, 20, 40, 60, 120, 360 min and 24 h. UCN at concentrations of 10 7 M, 10 8 M, 10 9 M, and 10 10 M was cultured with the cardiac myocytes for a period of 60 min. Cells were harvested immediately in 200 µl ice-cold lysis buffer containing 0·1% (v/v) 2-mercaptoethanol, 0·01% (v/v) Triton-X-100, 1 mM EDTA, 1 mM EGTA, 10 mM Tris pH 7·4, 0·2 mM sodium vanadate, 0·2 mM phenyl methyl sulphonylfluoride. An aliquot of cell lysate (5 µl) was retained to measure cell protein content so that equal amounts of protein were separated for each treatment on SDS-PAGE (Pierce, Rockford, IL, USA; Coomassie blue protein assay reagent, G250 based). Cellular proteins were re-suspended in an equal volume of 2 sample treatment buffer (STB; 100 mM Tris (pH 6·8), 200 mM dithiothreitol, 4% (w/v) SDS, 0·2% (w/v) bromophenol blue, 20% (w/v) glycerol). The samples were boiled for 3 min and proteins were electrophoresed on a 12% SDS-PAGE gel and were subsequently transferred onto hybond C nitrocellulose membranes and then probed for 2 h at room temperature using antibodies specific for hsp90, hsp70 and actin. The membranes were washed in PBS/0·05% (v/v) Tween and incubated with a peroxidase-conjugated antibody. Immunoreactive bands were visualised by ECL. The relative protein levels were normalised relative to the actin band. To confirm that PD inhibits p42/44 phosphorylation, UCN was incubated with cardiac myocytes for 10 min in the presence and absence of PD. The cell lysates were subjected to Western blot analysis and probed with an antibody that detects phosphorylated ERK1/2, p42/44 and an antibody directed to ERK2.
To determine whether UCN induction of hsp90 protein expression is via the MEK1/2 signalling pathway, UCN was incubated with the cardiac myocytes for 24 h with and without PD98059 pre-treatment. In addition, UCN at concentrations of 10 7 M, 10 8 M, 10 9 M, 10 10 M was cultured with the cardiac myocytes for 60 min with pretreatment with PD98059. Cell extracts were subjected to SDS-PAGE immunoblot analysis using the hsp90 and actin antibodies, as described above. To determine the effect of CYC on hsp90 protein synthesis by UCN, CYC was incubated with the cells prior to a 1-h incubation with UCN. Cells were then harvested for SDS-PAGE immunoblot analysis as described above. To determine whether the UCN-induced increase in expression of hsp90 protein is transcriptionally or posttranscriptionally regulated, cardiac myocytes were treated with the RNA synthesis inhibitor ACT for 1 h prior to treatment with UCN. The cells were harvested as described above and subjected to Western blot analysis for hsp90 and hsp70. Immunoblots were scanned for increases in protein expression using an Epson Perfection 1200 photoscanner and a Gene Tools from Syn Gene/ Merck (Leicestershire, UK). Hsp90 levels were equalised to actin levels. All Western blots were repeated a minimum of three times with independent samples.
Transfection of hsp90 and hsp90 promoters
The 5 hsp90 promoter chloramphenicol acetyl transferase (CAT) reporter construct hsp90 was a kind gift from Dr Neil Rebbe (Washington University School of Medicine, St Louis, MO, USA; Rebbe et al. 1987) . Hsp90 CAT construct consists of a fragment 1044 to +36 relative to the transcriptional start site coupled to a CAT vector. The 5 hsp90 CAT consists of a fragment 1050 to +42 relative to the transcriptional start site, coupled to a CAT vector (Hickey et al. 1989) . Transient transfections were performed using a calcium phosphate method in 6-well plates. Briefly, 5 µg CAT reporter plasmid and 2 µg galactosidase (B-gal) expression vector were co-transfected overnight. As a negative control an additional transfection using the PBLCAT 2 expression vector (Promega) was performed.
After the transfection, growth media were replaced with fresh growth media and the cells were incubated with UCN for 2 or 24 h. As positive controls the cardiac myocytes transfected with both promoters were subjected to 30 min of heat shock at 43 C using pre-warmed media and cultured for 24 h in a normoxic environment at 37 C to allow expression of CAT. The cells were recovered by treatment with 1 mM EDTA and lysed by freezethawing. Assays for CAT activity (with assay time of 60 min) were performed according to the method of Gorman (1985) using samples of equal protein concentration, previously determined by the method of Bradford (1976) . To control for differences in transfection efficiency, results of CAT activity were corrected for B-gal activity in the same transfection. To determine transfection efficiency, 5 µg B-gal expression plasmid was transfected overnight into cardiac myocytes. Cells were allowed to express the gene for 24 h, fixed with 1% (w/v) paraformaldehyde solution in PBS and stained with X-gal as described previously . The number of blue stained B-gal expressing cells is expressed over the total number of cells to determine the transfection efficiency, which was calculated at between 5% and 7%.
Treatment of cardiac myocytes with UCN prior to ischaemic injury
PD98059, CYC and ACT were incubated with the cardiac myocytes prior to a 1-and 24-h pre-treatment with UCN. The cells were exposed to a 6-h lethal simulated hypoxic ischaemic insult and cell survival was assessed by trypan blue exclusion as described previously . We have previously demonstrated that UCN prevents both apoptotic and necrotic cell death and found that trypan blue exclusion is an efficient method for measuring total cell survival (Brar et al. 1999a ).
Exposure of cardiac myocytes to lethal simulated hypoxia/ischaemia
For lethal simulated hypoxic/ischaemic treatment, growth media was replaced with Esumi ischaemic buffer containing 137 mM NaCl, 12 mM KCl, 0·49 mM MgCl 2 , 0·9 mM CaCl 2 .2H 2 O, 4 mM HEPES, 10 mM deoxyglucose, 20 mM Na lactate (pH 6·2) as described previously (Esumi et al. 1991) . The cells were incubated in the hypoxic/ischaemic chamber at 37 C for 6 h in a humidified atmosphere of 5% CO 2 , 0% O 2 , balance gas N 2 at a pressure of 4 lb/inch 3 . Untreated cells were cultured in Esumi control buffer in a humidified atmosphere of 5% CO 2 , 21% O 2 , at 37 C for 6 h as internal controls for this experiment. Modified Esumi control buffer consists of 137 mM NaCl, 3·8 mM KCl, 0·49 mM MgCl 2 , 0·9 mM CaCl 2 .2H 2 O, 4 mM HEPES and 10 mM glucose (pH 7·4).
Statistics
Data for in vitro experiments are expressed as means .. Two-way ANOVA was performed for each group of treatments and significance was assumed when the P-value was less than 0·05. Differences among means were compared within the treatment groups using a Post-Hoc test. For cell survival observations, each n number is representative of the mean of 6 counts per well. Therefore an n number of 8 is equal to 8 wells and therefore 48 counts.
Results
Induction of hsp90 protein by UCN
Heat shock proteins protect cardiac cells from lethal ischaemic injury (Brar et al. 1999b , Marber et al. 1993 , Plumier et al. 1995 . To investigate whether UCN induces the expression of cytoprotective hsp90 and hsp70, UCN peptide was cultured with neonatal cardiac myocytes for 10, 20, 40, 60, 120 and 360 min. Unstimulated cells and UCN-treated cells were harvested and total cellular proteins were subjected to SDS-PAGE Western blot analysis using antibodies specific for hsp90 and hsp70. UCN increased hsp90 protein levels compared with untreated cells by 1·5-fold at 10 min, 1·5-fold at 20 min, 1·9-fold at 40 min, 2·5-fold at 60 min, 2·4-fold at 120 min and 1·6-fold at 360 min of treatment (P<0·05 for all treatments) (Fig. 1) . As expected, the levels of hsp70 were very low in the untreated cells since the antibody used specifically recognises the inducible form of the protein.
The levels of inducible hsp70 protein were not significantly increased by UCN (Fig. 1) .
UCN increase in hsp90 protein expression is mediated by MEK1/2
We have previously shown that UCN mediates cardioprotection by activating the MEK1/2 signalling pathway . PD is a specific inhibitor of MEK1/2 which is the upstream activator of ERK1/2, p42/44 MAP kinases. UCN was incubated with cardiac myocytes for 10 min in the presence and absence of PD. Cell extracts were separated using 12% SDS-PAGE and probed with antibodies specific to phosphorylated and total ERK2. As shown in Fig. 2a , PD completely abolishes phosphorylation of p42/44 MAP kinases by UCN indicating that the inhibitor was working effectively in our system.
To determine whether the UCN increase in hsp90 protein expression is via activation of MEK1/2, UCN was incubated with the cardiac myocytes for 24 h with and without pre-treatment with 50 µM PD. UCN induced the expression of hsp90 protein following 24 h incubation but the levels of hsp90 induced by UCN were significantly reduced in the presence of PD (P<0·001) (Fig. 2b) . A similar inhibition of increase in hsp90 was observed Figure 2 (a) PD98059 (PD) abolishes phosphorylation of ERK1/2, p42/44 MAP kinase by UCN. UCN was incubated with cardiac myocytes for 10 min in the presence (UCN+PD) and absence of PD (UCN). Cells were also subjected to no treatment (NT) or PD treatment alone (PD). Cell lysates were subjected to SDS-PAGE Western blot analysis and separate immunoblots probed with antibodies directed to phosphorylated ERK1/2, p42/44 (ERK-P) and total ERK (ERK). (b) A 24 h pre-treatment with UCN increases hsp90 protein expression and this is inhibited by inhibiting the MEK1/2 pathway. UCN was incubated with cardiac myocytes for 24 h with (UCN+PD) and without PD (UCN). Cells were also left untreated (NT) and treated with PD alone (PD). Total cellular proteins were subjected to SDS-PAGE Western blot analysis (see Materials and Methods) using an antibody specific for hsp90. Panel (i) shows a typical blot and panel (ii) the result of densitometric scanning of three blots. (c) Dose-response of UCN induction of hsp90 is inhibited by 50 M PD. UCN, at concentrations of 10 10 M to 10 7 M, was incubated with cardiac myocytes for 1 h, with (left, 5 lanes) and without (right, 5 lanes) PD. Cell lysates were subjected to SDS-PAGE Western blot analysis and probed with hsp90 antibody.
following a 1-h incubation with UCN and pre-treatment with PD. Additional studies have shown that 5 µM PD is sufficient to inhibit the UCN-mediated increase in hsp90 protein, and this concentration also inhibits the UCN cardioprotective effect against simulated ischaemia reoxygenation , data not shown).
To test the dose-response to UCN, the peptide at concentrations of 10 7 M, 10 8 M, 10 9 M and 10 10 M was incubated with the cardiac myocytes for 60 min with and without pre-treatment with PD98059. Cell extracts were subjected to SDS-PAGE immunoblot analysis using the hsp90 and actin antibodies (Fig. 2c) . UCN increased the expression levels of hsp90 at all concentrations (P<0·05 for 10 7 M, P<0·05 for 10 8 M, P<0·05 for 10 9 M, P<0·05 for 10 10 M (0·1 nM)). Hence, no dose-response was seen with UCN inducing hsp90 at all concentrations. However, stimulation of the cardiac myocytes with UCN at subnanomolar concentrations (10 12 M (0·001 nM), 10 11 M (0·01 nM)) failed to increase hsp90 protein expression. UCN induction of hsp90 protein was inhibited by PD at all concentrations, as expected. The Western blots were scanned and the fold increase in hsp90 protein expression by UCN is summarised in Table 1 .
UCN cardioprotection requires protein synthesis
To determine whether UCN-mediated cardioprotection requires de novo protein synthesis, UCN was cultured with the cardiac cells for 1 and 24 h with and without cycloheximide (CYC) or PD prior to lethal ischaemia. Following exposure of the cells to simulated hypoxia/ischaemia, cell survival was assessed using trypan blue exclusion (Table 2) .
UCN was protective against cell death when added to the cells at both 1 h (P<0001) and 24 h (P<0·001) before lethal simulated ischaemia, compared with the untreated cells (NT) exposed to ischaemia. The cardioprotective effects of UCN were inhibited by CYC compared with UCN-treated cells alone, when UCN and CYC were added to the cardiac myocytes 1 h (P<0·05) and 24 h (P<0·05) before lethal ischaemia ( Table 2 ). The cardioprotective effects of UCN were inhibited by PD98059 for both the 1-h (P<0·05) and 24-h (P<0·001) pre-treatment with UCN compared with the UCN-treated cells alone. PD had no effect on cell survival when administered alone prior to ischaemic injury alone. However, CYC administered 1 h prior to ischaemia exhibited some cardioprotection (P<0·001) compared with the untreated Treatment  PD98059  1·00  1·1 0·1  1·2 0·12  1·72 0·02  1·21 0·14  1·93 0·08  1·57 0·14  0·00014  +PD98059  1·00  0·92 0·3  0·62 0·5  0·44 0·11  0·52 0·09  0·46 0·147  0·62 0·11  1·24 10   8 The fold increase in hsp90 protein expression with urocortin (UCN) has been summarised. Three independent immunoblots were scanned using an Epson 1200 Scanner and fold induction is presented. The fold changes in hsp90 were compared to the untreated cells (0 UCN concentration) and the data analysed by two-factor ANOVA to compare +PD and PD groups (P value 2·1 10 12 ). Single factor ANOVA has been used to compare data within the PD or +PD group to show significant differences of hsp90 expression in UCN-treated samples compared with the 0 UCN-treated samples. To determine whether UCN mediated cardioprotection requires de novo protein synthesis, UCN was cultured with the cardiac cells for 24 hours with and without cycloheximide (CYC) or PD prior to lethal ischaemia. Following exposure of the cells to simulated hypoxia/ischaemia, cell survival was assessed using trypan blue exclusion. CYC significantly protected the cardiac myocytes from ischaemic injury after 1 hour of treatment (P<0·001) compared with the untreated cells (NT), as did UCN alone. UCN in the presence of CYC (UCN+CYC) inhibited the UCN-mediated cardioprotective effect at both 1 hour (P=0·054) and 24 hours (P=0·051). PD significantly inhibited the UCN-mediated cardioprotective effect (P<0·004) compared with UCN-treated cells alone at both 1 and 24 hours of treatment.
cells (Table 2) , although this was less than observed with UCN alone. The extent of cell death observed with UCN and CYC was similar to that observed with CYC alone, indicating that protein synthesis is likely to be required for the cardioprotective effect of UCN. However, the protective effect of CYC alone means this cannot be proven unequivocally. CYC administered to cardiac myocytes alone had no effect on cell survival in control conditions: 14·3 5·4% (n=8) of untreated cells that were cultured in a normoxic environment failed to exclude trypan blue compared with 16·5% 6·4 (n=8) of cells that were cultured in a normoxic environment in the presence of CYC. The induction of hsp90 by UCN was inhibited by CYC (Fig. 3a,b) . These data suggest that in addition to MEK1/2, protein synthesis is required to mediate both the induction of hsp90 and the cardioprotective effect of UCN. A similar inhibition of protection with a lower dose of PD of 5 µM was also observed in accordance with our earlier results . No effect of UCN on activation of other kinases such as p38 or JNK was observed (data not shown), in agreement with our previous observation that UCN fails to induce phosphorylation and consequent activation of JNK and p38 .
UCN-mediated increase in hsp90 protein is not inhibited by actinomycin D
An increase in expression of hsp90 by UCN occurs within 10 min of treatment (Fig. 1 ) similar to the increase in hsp90 protein expression induced by CT-1 . CT-1 induction of hsp90 appears to be regulated at a post-transcriptional level . To determine whether the increase in hsp90 protein expression by UCN requires de novo transcription, cardiac myocytes were incubated with and without UCN for 1 h together with the transcriptional inhibitor actinomycin D (ACT). Due to the decrease in the levels of specific proteins such as actin induced by ACT, these experiments were carried out using extracts prepared from equal numbers of cells subjected to each treatment. Figure 4 shows a 2·7-fold increase in expression of hsp90 by UCN alone compared with the untreated control. Incubation of ACT and UCN still revealed a strong 3·6-fold increase in hsp90 protein expression by UCN compared with the ACT-treated cells alone, suggesting that hsp90 protein expression by UCN may occur, at least in part, by a post-transcriptional mechanism. The levels of hsp90 protein are less in the UCN+ACT-treated cells than the UCN-treated cells alone prior to equalisation for actin (Fig. 4(a) ). This is due to ACT decreasing the basal level of protein expression, as shown by a decrease in total cellular actin levels. As expected, UCN failed to change the expression of hsp70, although it did decrease with ACT reflecting a general decrease in protein synthesis in the ACT-treated cells (Fig. 4) .
To investigate whether UCN-mediated cardioprotection requires gene transcription, cells were incubated with UCN and ACT prior to lethal ischaemia. The percentage of cell death in the untreated cells exposed to lethal ischaemia (NT) for the 1-h and 24-h treatments prior to lethal ischaemia were 64·9% and 61·7% respectively (Table 3) . UCN significantly reduced the percentage of cell death to 43·0% (P<0·001) and 44·4% (P<0·001) for the 1-h and 24-h pre-incubations with UCN respectively compared with the untreated ischaemic control cells. ACT alone reduced the percentage of cell death to 45·5% (P<0·01) and 55·8% (P<0·05) for the 1-h and 24-h pre-incubations respectively compared with the untreated ischaemic control cells. ACT had no inhibitory effect on UCN-mediated cardioprotection at the 1-h time point but at the 24-h treatment with UCN, ACT inhibited UCNmediated cardioprotection. However, it is difficult to determine whether gene transcription is required for the UCN cardioprotective effects as ACT is itself cardioprotective (Table 3) . This, therefore, prevents a firm conclusion that ACT can prevent the protective effect of UCN at 24 h. 
UCN does not activate hsp90 promoter reporter constructs
To further investigate whether the hsp90 protein expression increase induced by UCN is due to posttranscriptional regulation, hsp90 and hsp90 CAT promoter reporter constructs were transfected into cardiac myocytes. No significant increase in promoter activity was observed following a 2-h or 24-h treatment with UCN (Table 4) . As expected, these promoters were activated by heat shock as the hsp90 and hsp90 promoter activity increased by 3·2-fold and 4·1-fold respectively from nonheat shocked cells. Hence, UCN failed to activate the hsp90 and hsp90 promoter reporter constructs. It is possible that these reporter constructs may simply lack the critical sequences needed to produce increased transcription in response to UCN. However, these data and the data with ACT suggest that the increase in hsp90 protein induced by UCN is likely to be mediated by post-transcriptional regulation.
Discussion
We have previously demonstrated that MEK1/2 is necessary for the cardioprotective effect of UCN . The current study presents new findings in relation to the cardioprotective mechanism of UCN and reports for the first time that UCN causes a rapid increase in expression of hsp90, but not hsp70. The expression of hsp90 by UCN is inhibited by PD98059, a MEK1/2 inhibitor. The protein synthesis inhibitor, CYC, decreases the basal and UCN-mediated induced levels of hsp90 protein and appears to inhibit UCN-mediated cardioprotection. The increased expression of hsp90 protein by UCN is not inhibited by the transcriptional inhibitor ACT and neither does UCN activate the hsp90 and the hsp90 CAT promoters. Similarly, ACT appears not to inhibit cardioprotection by UCN given for one hour. These data suggest that MEK1/2 and de novo protein synthesis are required for the cardioprotective effect of UCN. This study is similar to a previous study whereby isolated perfused rat hearts were exposed to repetitive episodes of brief ischaemia which induces myocardial adaptation to prolonged global ischaemia, a phenomenon known as ischaemic preconditioning (Rowland et al. 1997) . CYC and ACT were injected intraperitoneally 3 h prior to ischaemia and CYC inhibited the cardioprotective effect of preconditioning whereas ACT had no effect.
From our data for hsp90 promoter studies, the increase in hsp90 by UCN appears to be a post-transcriptional regulated event. The survival effects of UCN are likely to be due to a signal cascade set off by ERK1/2, p42/44 which results in post-transcriptionally mediated elevation of hsp90 and possibly other protective proteins. UCN caused a rapid increase in hsp90 protein synthesis following 10 min of stimulation. Similarly, our group has reported a rapid induction in the expression of hsp90 in rat neonatal rat cardiac myocytes by CT-1, following 10 min of treatment . Similar to our experiments with UCN, expression of hsp90 induced by CT-1 was sustained for up to 24 h and the mechanism of induction appeared to be via a post-transcriptional mechanism. Hsp90 protein expression is preferentially increased compared with hsp70 levels which are not modified by UCN. In cardiac myocytes that are unstressed, the levels of hsp70 (inducible form) are low or are unable to be detected. A previous study has reported a 10-fold increase in the expression of the inducible form of hsp70 following To determine whether hsp90 expression by UCN is a post-transcriptional regulated event, cardiac myocytes were incubated with (UCN) and without UCN (NT) for 60 min without or with the RNA synthesis inhibitor actinomycin D (UCN+ACT). Cells were also treated with ACT alone (ACT). Cell lysates were harvested. As for all the immunoblots, an aliquot of cell lysate (5 l) was retained to measure cell protein content, so protein levels between samples were equalised prior to electrophoresis. The immunoblot was probed with a mixture of hsp90 and hsp70 antibodies. (a) Typical blot for hsp90, hsp70 and actin. (b) Result of densitometric scanning and equalisation for actin levels for three replicate blots. stressful stimuli (Su et al. 1998) . This study clearly reports no significant changes in inducible hsp70 protein expression by UCN. CT-1 increases the expression of both hsp90 and hsp70 by a post-transcriptional mechanism, independent of the MEK1/2 signalling pathway . In contrast to CT-1, the cardioprotective effect of CT-1 is independent of de novo protein synthesis, but like UCN it is dependent on the MEK1/2 signalling cascade. This questions the relevance of hsp90 protein synthesis in CT-1-mediated cardioprotection. Whether the cardioprotective effect of UCN is mediated by the induction of hsp90 is unconfirmed; however, the fact that inhibition of MEK1/2 and protein synthesis inhibit both UCN-mediated cardioprotection and hsp90 protein expression suggests a possible link.
The post-transcriptional increase in hsp90 by UCN is clearly different from the general mechanism of hsp induction by stressful stimuli, which is mainly based on transcriptional activation. However, cisplatin has been shown to induce hsp25 protein synthesis at the level of mRNA translation without any changes in hsp25 gene transcription in tumour cells (Gotlhardt et al. 1996) . Cisplatin treatment does not significantly increase the oligomerisation of HSF1 and 2, hsp25 promoter activity or hsp25 mRNA stability as judged by cross-linking experiments, reporter gene assay and Northern blot analysis. UCN induction of hsp90 in cardiac myocytes may be mediated by a similar mechanism to the cisplatin-induced increase in hsp25 protein in tumour cells involving enhanced translation of the hsp90 mRNA. However, rapamycin which inhibits the p70 S6 kinase that can regulate translation had no effect on the UCN-mediated increase in hsp90 protein expression (B Brar, unpublished observations). The transport of Hsp90 and Hsp90 CAT promoter reporter constructs were transfected into cardiac myocytes. A CMV expression vector for B-gal was co-transfected into the cells and -galactosidase activity was used to control for transfection efficiency. The cells were untreated (NT) or treated with UCN for 2 or 24 hours or exposed to heat shock. PBLCAT2 alone was transfected into the cardiac myocytes as a control for transfection. Significance is calculated for fold increase in promoter activity from the NT control for each expression vector using T-test.
hsp90 mRNA to the cytoplasm and/or hsp90 mRNA stability may be increased or modified by UCN to allow prolonged translation of the protein. In addition, hsp90 protein stability may increase after UCN treatment and may be reflected in alterations of oligomerisation or compartmentation. Hsp90 is normally abundant in the cytoplasm of normal cardiac cells and levels of the protein increase considerably in response to stress (Heads et al. 1995) . We have shown previously in our laboratory that over-expression of the hsp90 gene alone by transfection in the H9c2 cardiac cell line (Heads et al. 1995) and primary cardiac myocytes (Cumming et al. 1996) protects the cells from lethal heat shock, but not from hypoxic/ischaemic injury. This is in contrast to hsp70 which protects the cardiac cells from both stresses. It may be possible that in these experiments the transfected hsp90 may not have been targeted to the effective cellular compartment to mediate cardioprotection. In addition, these experiments involved the transfection of hsp90 and cardioprotection may require hsp90 as well as or instead of hsp90 . Interestingly, the alpha isoform of hsp90 has been shown to be induced in response to reperfusion in brain and heart, suggesting it is this protein that is cytoprotective (Kawagoe et al. 1993 , Nishizawa et al. 1996 . UCN may also result in the activation of a protein which is required for the full activation of hsp90. Further studies showing the internal localisation of hsp90 following UCN treatment, and transient transfection experiments involving inhibition of hsp90 synthesis or activity using antisense or dominant negative mutants of hsp90 will need to be conducted to determine whether hsp90 is cardioprotective.
There are no previous reports of any member of the CRF family of peptides increasing the levels of hsp protein expression in any cell type. As UCN and the CRF family of peptides mediate the endocrine response to stress and hsps are elevated at a cellular level in response to stress, we propose a novel connection between UCN and hsps in mediating the paracrine/autocrine/cellular response to stress in cardiac cells. Using specific cytokines, hormones and stresses that increase hsp90 protein expression it should be possible to dissect the distinct signalling pathways that mediate hsp regulation, and gain greater understanding as to how hsp90 and hsp70 directly mediate cardioprotective responses. Moreover, these studies suggest a positive correlation between hsp90 and cardioprotection mediated by UCN.
